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ABSTRACT 

\2@o 
Over the pas t  few yea r s  a number of theoretical  and experimental 

investigations have been published on the subject of convective energy f r a ~ ~ s :  - 
por t  i n  a high tempera ture  partially ionized gas .  

fair degree of understanding of this process  i s  now available, cer ta in  un- 

cer ta int ies  have a r i s en ,  particularly with respect  to the effect of the s u r -  

face mater ia l  of the heat t ransfer  gage. This experimental  investigation 

br ings a new technique of making heat t ransfer  measurements  to bear  on 

this problem. 

- _____ 
Although, in  general  a 

The inf ra red  heat t ransfer  gage developed by Camac has  been adapted 

An analysis is presented which to the problems peculiar to this experiment.  

demonstrates  the response required of the measurement  i n  o rde r  to enable 

accurate  heat t ransfer  measurements  to be made within the l imited t e s t  

times available. The difficulties of adapting the gage to the requirements  

a r e  described, in  par t icular  the sensitivity, opacity, and adherence of the 

gage to the MgO window. 

output of the inf ra red  cell  a s  well a s  the response t ime of the measuring 

sys t em a r e  described in  detail.  

f e r  encountered in both the shock tube end wall and on a model a r e  discussed 

with emphasis  on the identification of radiative heat t ransfer  effects.  

The calibration of the absolute magnitude of the 

The response of the gage to the heat t r ans -  

The heat t ransfer  resu l t s  support the previous resu l t s  of the authors 

Variations with ca lor imeter  gages a s  well as those of other investigations. 

of the gage surface mater ia l  achieved by overcoating the carbon with thin 

metall ic f i lms did not change the heat t ransfer  ra tes  measured ,  in  contrast  

to the resu l t s  reported by Warren. 

f i lms used do not change the calibration of the gage this is felt to be 

conclusive resul t  regarding the effect of surface mater ia l s .  

In view of the fact that the metallic 

A*- 
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SECTION I 

INTRODUCTION 

Accurate definition of the severi ty  of the planetary en t ry  problem 

has been made difficult by the complexity of performing experiments  in 

this  environment. Although several  experimental  studies l Y  2’ 

cated a general  agreement  of their measurements  with the theoretical  work 

of Fay  and Kemp, Pallone, and Hoshizaki, i t  has been pointed out that 

all these measurements  depended on a common technique, the platinum, 

ca lor imeter ,  o r  thick film resistance thermometer .  Experiments by 

Gruszczynski and Warren7 have indicated that resul ts  of considerable var i -  

ance can  be obtained by the simple expediency of changing the gage ma-  

terial u l  tile cdivrimeier . 

have indi- 

6 

In this situation it w a s  felt that a completely independent measu re -  

ment of convective heat t ransfer  by a different experimental  technique would 

be worthwhile in  settling the uncertainties which have been r a i sed  by the 

above experimental  fac ts ,  The inf ra red  heat t r ans fe r  gage developed by 

Camac 

only does this gage measure  heat t ransfer  through a completely different 

sensor  system, but i t  a lso had the added advantage of being able to  a s s e s s  

the effects of surface mater ia l s  without a change i n  the calibration of the 

instrument.  This,  of course ,  could be accomplished by coating the same 

carbon infrared emitting surface with metall ic coatings of various elements ,  

and yet not change the inf ra red  emission charac te r i s t ics  of the carbon. 

This paper repor t s  on an experiment i n  which the inf ra red  heat 

8 appeared to be available to  make this independent judgment. Not 

t ransfer  gage was adapted to measure the stagnation point heat t ransfer  

on the spherical  nose of a model. 

six-inch I. D. arc-heated driver shock tube thoroughly discussed in  the 

l i t e ra ture .  

conditions i n  this shock tube has been documented in Refs.  1 and 9 .  In the 

present  experiments the tube was used at  a length of 30 feet and an  init ial  

p r e s s u r e  of 0. 25  mm Hg of air .  

The experiments were per formed i n  a 

The existence of a homogeneous hot gas  sample of predictable 



The principle of the in f r a red  heat t ransfer  gage has been discussed 

in  detail by Camac. In i t s  simplest  form,  the gage consis ts  of a thin, but 

opaque, surface of carbon deposited in good thermal  contact on an inf ra red  

transmitt ing window. The carbon surface i s  exposed to the heat t ransfer  

medium while the r e a r  surface of this layer  is  viewed through the window 

with a wide angle optical system which i s  imaged on the inf ra red  detector.  

The obvious advantage of this  gage i s  that i t  i s  e lectr ical ly  decoupled f rom 

the gas  and consequently there  i s  no mechanism by which the ionized gases  

can  in te r fe re  with the gage output. 

8 

The purpose of the present  experiment was to combine these two 

techniques to  provide the confirmation of the previous work on convective 

heat t r ans fe r .  This combination has required the solution of a number of 

problems,  such a s  gage sensitivity, gage opacity, gage response,  analysis 

of the data taken in  t imes only somewhat longer than the gage response,  and 

sys tem calibration. 

a s  well a s  the resul ts  wi l l  be discussed briefly in  the following sections.  

The approaches and solutions found to  these problems 

-2 - 



SECTION I1 

ANALYSIS OF GAGE RESPONSE 

The temperature response of an infinite slab to an  ideal heat t ransfer  

pulse has been thoroughly covered in  the 1iterature;lO a constant heat t r ans -  

f e r  rate gives the famil iar  r i se  of surface temperature varying with the 

square root of t ime,  and a heat t ransfer  ra te  decaying a s  I/& gives the 

fami l ia r  jump to a constant temperature.  

response to such an ideal heat t ransfer  pulse has been t reated by Camac. 

The problem i s  made more  complex by the fact  that the infrared detector 

i s  imaged on the r e a r  surface of the carbon layer.  

The infrared heat t ransfer  gage 
8 

Two factors  complicate the analysis st i l l  fu r ther ;  one, the gage sys -  

tem a lso  has a finite response time which with extreme ca re  can be kept 

to about one microsecond, and second, the heat pulse imposed on the e le -  

ment is an odd combination of ideal pulses ,  i. e . ,  one that decays inversely 

with the square root of time a s  the shock is reflected off the nose of the 

model and approaches the steady state geometry and the second a constant 

heat t ransfer  rate pulse a f te r  the flow geometry has been established. 

The interrelat ion of these three effects and their  relationship to 

achieving accurate  heat t ransfer  measurements  within the tes t  time avai l -  

able has been investigated in some detail. Following Camac, f o r  an a r b i -  

t r a r y  heat t ransfer  rate time history,  9 ( t ) ,  the convolution theorem gives 

the temperature response a t  the interface of a composite surface,  i. e. , 

a t x = O ,  a s  

c 

where T g  ( t ' )  i s  the temperature response to a 6 function heat input a t  time 

- 3 -  



t = t ' .  This temperature response can be wri t ten a s  

E&@ c 

r 
1 

& (t/ 

R 

2 
Combining Eqs.  (1)  and (2),  t 

( 3 )  
0 

&t/?L.* t;= - - fk, 
F o r  the case of the heat t ransfer  rate decaying inversely with the 

. Q  
square root of time, i. e . ,  q = , Eq. ( 3 )  can be shown to be numerically 

equal to the result  used by Camac to show the e f fec t  of the thermal  lag of 

the carbon layer ,  i. e . ,  

then the problem is reduced to finding the accuracy with which E 

responds to i t s  input E. ( t) .  

R can be written a s  t 

( t )  out 
It can be shown that the cu r ren t  in the res i s tor  in 
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where 7 

the gage output curve,  i. e .  , T aE ,  which is only t rue  approximately and 

= R C. If we assume that we a r e  operating i n  a l inear  region of 2 

over  a limited temperature  range, then the above can be wri t ten a s  
f 

(6)  

Thus, even though the input to the IR gage were  perfect,  i . e . ,  Tin(t), 

the output would be degraded by the time constant of the system, 2. 
The third effect is due to the complex heat  pulse imposed on the model. 

When the incident shock a r r ives  at  the model,  it ref lects  initially as  it would 

off a solid end wall. 

Rankine-Hugoniot equations, i . e . ,  Ref. 11. 

and an  init ial  p re s su re  of 0. 25 m m  of Hg, the reflected shock will  s t a r t  a t  

a velocity of 1. 11 mm/p sec  and would thus have a charac te r i s t ic  e-folding 

t ime to achieve its steady state location of approximately E Rs/ 1. 11 , where 

E is  the density ratio a c r o s s  the shock and Rs is the radius of the bow shock 

i n  its permanent geometry. 

t ime would be a lmost  3 p sec.  

The initial reflected shock velocity i s  known f r o m  the 

At a shock velocity of 8mm/psec 

F o r  a body with a nose radius of 1. 905 cm this 

During these three microseconds the heat t r ans fe r  to  the body would 

be essentially that character is t ic  of a n  end wall of a shock tube, i. e . ,  a 

rate decaying inversely with the square root of t ime. 

of heat t ransfer  through a thermal boundary layer  growing with time. 

some time the three -dimensional effects will become dominant, and the vis - 
cous boundary layer  will f o r m  to its steady geometry. 

es t imated to be roughly the time required f o r  a sound wave to reach  the sonic 

point; which can be approximated by the nose radius divided by the stagna- 

tion sound speed. F o r  the above conditions, this amounts to  6 to  7 micro-  

seconds. 

calor imeter  heat t r ans fe r  gage output to reach  a steady value. 

significant length of t ime is taken up by this process  of setting up the steady 

flow geometry. 

This i s  the behavior 

At 

This time has  been 

Such t imes a r e  in agreement with the t imes est imated fo r  the 

Thus, a 

I t  i s  possible to estimate the expected heat t r ans fe r  ra tes  during 

this t ransient  period. As the simplest  approximation we assume that the 

-5- 



reflected shock flow geometry applies until the heat t ransfer  drops below 

the steady s ta te ,  bow shock geometry value a t  which time we take the con- 

stant heat t ransfer  solution to apply. 

t ransfer  can be written a s ,  

F o r  the end wall geometry the heat 
12 

where ( N  /me)' is the value of NU/% evaluated a t  the same stagnation 

p res  su re  and enthalpy f r o m  stagnation point boundary layer  calculations. 

F o r  the boundary layer  case the equivalent expression is  

4 U 

It can be seen that the two expressions a r e  a lmost  identical except 

fo r  the nose radius effect in the stagnation point ca se ,  which manifests 
1 

itself in the stagnation point velocity gradient t e r m ,  

ratio of these two expressions gives a clue to which i s  the dominant one, i . e . ,  

R d m  . The 

F o r  the typical conditions of this experiment,  the above ratio is  very 

close to unity at  t imes  of approximately one microsecond, varying with 

and R a s  indicated. 

a s  the p re s su re  and enthalpy do not vary  greatly between stagnation and 

reflected conditions. 

specific case of p1 = 0 . 2 5  mni of Hg, U s  = 8 mrn/psec and RN = 1 .905  cm.  

At one microsecond qe is 1 .  91 t imes q 

a r e  equal. 

quently the two would be equal ea r l i e r .  

t 

The ratio of the Nusselts numbers i s  essentially one, 

The values of qe and qs a r e  plotted i n  F i g .  1 for  the 

while a t  about 3 .  6 I-1 sec  the two 
S 

F o r  sma l l e r  bodies qs would increase  with I/% and conse- 
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In o rde r  to determine the requirements on the IR gage sys tem to 

accurately reproduce the heating ra tes  within the l imit  of tes t  t imes  avail-  

able,  in t e r m s  of the lag t imes due to the carbon layer ,  as well  a s  the c i r -  

cuitry,  numerical  experiments w e r e  performed. Using the heat  t r ans -  

f e r  time history shown in F i g .  1, we determined the temperature  response 

of the window-carbon interface f rom Eq. ( 3 )  for  various values of 7 This 

resul t  can then be used a s  Tin(t) in o rde r  to evaluate the effect of finite c i r -  

cuit response by use of Eq. (6)  with various values of 7 

Tout(t) is representative of the signals which a r e  interpreted a s  the response 

of the gage to the heating in the actual experiments .  

1' 

The resulting 2' 

The final step in  the numerical  experiment  is to subject the T (t) 
in  the usual manner f o r  reduction of t ransient  heat t ransfer  data. This is 

accomplished by solution of the inverted fo rm of the heat conduction equation 

(13) ,  i . e . ,  

out 

t 

The resulting plots of heat t ransfer  ra te ,  4 vs t ime,  give the degree 

to which the input data have been degraded due to various values of 7 and 1 
A se t  of such resul ts ,  a r e  shown in F igs .  2 and 3 .  It was concluded 

-6  2'  
f rom these results that values of 7 5 and 7 I 2 x 10 seconds were  

tolerable unde r the experimental  conditions. 

of the Touit) history which i s  the temperature  his tory expected in the experi-  

ments .  

experiments ,  10 and 10 secs  respectively. 

Figure 4 shows an  example 

The plot is made for  the values of 7 and 7 typical fo r  the present  1 -7  -6 

This judgment i s  of course strongly tempered by the t e s t  t imes avail-  

able in  the experiment. 

5 p s e c  and the lags of the measurements  a r e  such a s  to spread  this t ime 

into 10 p sec ,  i t  will be very marginal  to make meaningful experiments  in 

tes t  t imes much l e s s  than 20 psec .  

If the t ransient  phase consumes approximately 

The performance of the shock tube 

used.with respect to achievement of a uniform tes t  gas has  been discussed 

in Ref. 9 and i s  reasonably predictable f rom the work of Roshko. l4 At the 

conditions of the present  experiments average t e s t  t imes  of 15 I-1 sec  a r e  

-8-  
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common. 

gage system appeared crit ical .  

Thus the one to two microsecond c r i t e r i a  fo r  the response of the 

If the resolution function of any given instrument  i s  know a pr ior i  

then the measurement  can of course be cor rec ted  a f t e r  the fac t  fo r  the 

degradation of information due to this resolution. F o r  the case of the c i r -  

cuit response as  shown in  Eq. ( 6 ) ,  this i s  a reasonable procedure and can 

be used to lessen the c r i te r ia  on the electronics.  

ver ted by use of Laplace t ransforms into a fo rm where  T .  ( t )  can be 

expressed  in t e rms  of the measured T 

r 2 ,  giving 

Equation ( 6 )  can be in-  

in 
( t )  and the time constant of c i rcui t ,  out 

Equation ( 1  1) can thus be used to recover  the original signal with some 

degree of accuracy. 

The above discussion of the difficulties of making accurate  tempera-  

ture  measurements  which in turn accurately re f lec t  the heat t ransfer  imposed 

on the surface is extremely important fo r  shock tube experiments i n  which 

the tes t  t imes a r e  very  limited. 

locity range, the average tes t  t imes a r e  only two to  four  t imes as long a s  

the time required to se t  up the equilibrium flow geometry.  

i t  i s  c l ea r  f rom these calculations that the response must  be kept very  fast ,  

and that response t imes of the o r d e r  of one microsecond a r e  required.  

F o r  the model experiments  in the high ve-  

As  a consequence, 

-12-  



SECTION 111 

EXPERIMENTAL TECHNIQUES AND INSTRUMENTATION 

Adaptation of the infrared heat  t r ans fe r  gage technique to the 

present  experiments has  involved the solution of severa l  unique prob-  

lems;  such as gage opacity, sensitivity, thermal  adherence in the 

environment, dynamic calibration, and dynamic measurement  of the 

gage response. 

The opacity requirement can be seen f r o m  the following simple 

considerations. The stagnation point gases  a r e  of the o rde r  of 10 - 
15,  OOO°K. 

1 to l o p  is  between lo3 and 10 

carbon temperature  rise which is being measured.  Thus opacity means  

rejection of one p a r t  in lo4  or better still 10 . It was not possible to 

achieve this degree of opacity with only a carbon layer  and yet main- 

tain this layer  thin enough to meet  the response requirements.  The 

addition of a metall ic layer  allowed fulfillment of the opacity require-  

ment ,  while maintaining the fast response needed. Final opacity checks 

were  performed by exposing the coated window element  to a very  in- 

tense light source (Lyman Lamp) and measuring the attenuation due to 

the window and its coatings. 

The contribution from this gas  in the wavelength range of 
4 t imes  as grea t  as the signal f r o m  the 

5 

The sensitivity of the gage was optimized by the choice of win- 

dow mater ia l ,  detector and optical system. As  a window mater ia l ,  

magnesium oxide was chosen due to i t s  optical charac te r i s t ics .  The 

radiation f rom the carbon layer which heats  up to a maximum of 

150°C during the experiment is predominantly in  the 4 to 30 micron  

wavelength band. The Philco GPC 201 gold-doped germanium inf rared  

detec-tor cuts off a t  about nine microns.  The combination of this detector 

and window allows a lmost  optimum transmission a t  wavelengths up to 

the capability of the detector.  

Figure 5 shows the external t ransmiss ion  charac te r i s t ics  of 

-13- 
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1 

magnesium oxide c rys ta l s  (MgO 

ment  measured  with a Beckman DK-2 and a Perk in-Elmer  inf ra red  

spectrophotometer.  The t ransmission is about 86 percent  f r o m  0.7 to 

7 microns; it then dec reases  to ze ro  at about 11 microns  but is level 

at about 80 percent  f rom 0.7 to 0.35 microns ,  then decreasing to ze ro  

at about 0.2 microns.  MgO crystals  show both good mechanical strength 

as well as inf ra red  transparency a t  elevated tempera tures  up to 1000 C. 

A number of MgO crys ta l s  have been checked for  external t ransmission 

at room tempera ture  af ter  repeated heating to elevated tempera tures  

during the p rocess  of depositing carbon l aye r s  with a variance of only 

one percent. 

0.50 mm thick) as used in this experi-  

o 15 

The fused MgO crys ta l s ,  supplied by Norton Company, were  so- 

called "Magnorite" which have the following propert ies  pertinent to this 

experiment: 

Density p = 3.576 gm/cc a t  25OC 

Thermal  Conductivity k = 0.0775 cal /sec-cm- 0 C a t  20-1OO0C 
= 0.245 cal/gm - 0 C at 20-2OO0C Specific Heat C 

The inf ra red  detector used in these experiments was the Philco 

GPC-201, a photo conductive, P type, gold-doped germanium detector 

designed for  operation a t  liquid nitrogen t empera tu res .  The GPC 201 

package design has  a 2 mm square cell  element and a coated silicon 

window, all enclosed in  a strong, hermetically-sealed unit utilizing fuzed 

g lass  to metal  seals .  

a re :  

Typical charac te r i s t ics  of this cell  at T = 77OK 

9 -1- 

D-'. (500, 900,  1): 2 .9  x 10 cm/watt 

Optimum Bias Voltage: 40 volts 

Time Constant: 0.5 - 1.0 x 10 s e c  
-6 

2 
where D" is defined as the square root of the cell  a r e a  (in c m  ) divided 

by the Noise Equivalent Power. Figure 6 shows the spectral  responsivity 

of the inf ra red  cell  used in these experiments.  

The optical sys tem built into the model and tes t  section i s  shown 

in Figs.  7 and 8. The sensitivity is optimized by the use of a Casse-  

grain m i r r o r  a r rangement ,  a s  suggested by Camac. By maintaining a 

-15-  
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Fig. 7 Drawing of the infrared carbon gage, optical sys tem and 
detector built into shock tube model. 

- 17- 

I A1324  



Fig. 8 Photograph of the infrared heat t ransfer  gage, detector and 
model mounted in the 6-inch diameter  e lec t r ic  a rc -dr iven  
shock tube. 



0 spher ica l  nose pas t  the sonic point (approximately 40 ), a l a r g e r  diam- 

eter m i r r o r  could be used to enhance the solid angle of the collector 

system. In some experiments a phototube operating in the visible wave- 

length region monitored the light in the m i r r o r  sys tem for  evidence of 

t r ans  mitt e d light . 
The deposition of sufficiently uniform, thin and adhering carbon 

l aye r s  on the MgO crys ta l s  was by chemical decomposition (pyrolysis)  

of methyl iodide, CH I, as suggested by Camac.8 3 
0. 50 mm thick, were roughened on one side with "Norbide" #280 gr i t ,  

to a surface roughness of about 1/2 micron. 

carbon coatings would invariably peel off. The clean, roughened, MgO 

window was then placed on a platinum s t r ip ,  rough side up, into a 

vacuum bell j a r  containing a mixture of methyl iodide and helium. The 

platinum and MgO windows were heated in  this a tmosphere,  and the 

CH I decomposes on contact with the hot surfaces .  As  an end product of 

this decomposition we achieve a strong black layer  of pyrolytic graphite 

on the MgO substrate,  A thickness of about 4000 - 8000 a is  deposited 

in approximately 15 minutes,  which is  opaque and m e a s u r e s  to have opti- 

cal  densit ies between 5 and 8. (A unit of optical density i s  a factor of 

10  in the t ransmission measured at visible wavelengths. ) 

MgO windows, 

On polished MgO crys ta l s ,  

3 

This method of deposition is assumed to produce pyrolytic graph- 

i te .  The high degree of anisotropy in the s t ruc ture  of pyrolytic graphite 

resu l t s  in thermal  propert ies ,  other than specific heat,  which a r e  con- 

siderably different f rom commercial  graphite. In calculating the response 

of the r e a r  face of the carbon l aye r ,  as discussed in  the previous sec -  

tion, the propert ies  of pyrolytic graphite w e r e  used a s  reported in Ref. 16. 

These are: 

Density p = 2.22  gm/cc 

Thermal  Conductivity k = . 0048 cal /sec-cm- C a t  5O-15O0C 

Specific Heat C = 16 cal/gm - C a t  50 - 15OoC 

Overcoating the carbon layer  with a metall ic reflecting layer  in- 

0 

0 

P 

c r e a s e s  the thermal  l a g  of the composite s t ruc ture ,  i nc reases  the 

opacity and changes the absorption charac te r i s t ics  of the surface.  The 

la t te r  has  the effect of allowing convective heat t r ans fe r  measurements  

-19- 



to be made  i n  a radiating g a s  because most oi the incident radiation can 

be reflected. The metall ic l aye r s ,  which were about 1000- 5000 thick, 

were  vacuum coated onto the carbon sublayers.  This thickness of metal  

has  a character is t ic  thermal  diffusion t ime an  o rde r  of magnitude l e s s  

than the carbon, and thus the thermal  response was not significantly 

affected. Uniform deposition of metall ic f i lms (aluminum, gold, copper , 
Nichrome) was obtained by following Refs. 17 and 18. The coatings were  

obtained by using hot multistrand helical tungsten fi laments and room- 

temperature  coated MgO windows, all in a vacuum of 0. 4 x 10 to 

mm of Hg. Each coating was checked both visually under a microscope 

a s  well as in  a dark room with the high intensity light source.  

-4  

The surface of these coatings exhibited the character is t ics  of the 

carbon layers  and appeared diffuse in reflectance. Since quantitative 

work on the adherence of evaporated metal  films on pyrolytic graphite i s  

not available in the l i terature  , we concluded f rom visual evidence that 

chemically reactive meta ls ,  such a s  aluminum, which normally adhere 

very well to glass ,  17’ l8 

a l so  adhere to the carbon layer.  

and other clean, non-oily inorganic subs t ra tes  , 

For calculations of the thermal  lag and heat capacity effects due 

to the metal  f i lms, the bulk propert ies  of the pure metal  were used. 

However, i t  i s  known that the propert ies ,  par t icular ly  the strength,  of 

thin f i lms can vary significantly f rom the bulk properties.  18 
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SECTION IV 

CALIBRATION OF THE INFRARED GAGE SYSTEM 

The calibration of the infrared heat t ransfer  gage sys tem consists 

of calibration of the absolute value of the output as well a s  the response. 

The f o r m e r  followed closely the procedure outlined by Camac' of replac- 

ing the shock tube heat source by a black body heat source.  A standard 

black body source was constructed in which a black body cavity was 

heated by well agitated silicon oil through the temperature  range of O°C 

to 190OC. 

couples distributed to check the uniformity of the cavity. The set-up for  

the calibration is  shown in  F i g ,  9. A beam chopper placed in f ront  of 

the black body source provides the AC method chopping a t  a frequency 

of 5000/sec. 

level as it is seen by the detector when the sys tem is "closed." The 

output of the cell is fed through a standard cathode follower to a n  am- 

plifier whose output is displayed on the oscilloscope. 

The cavity temperature was read  by a number of thermo- 

The emission of the chopper blade s e r v e s  as the reference 

In the shock tube experiment, the heat t ransfer  gage senses  a 

heating pulse of only 15 to 30psec  duration. The temperature  of the 

opaque l aye r s  r i s e s  up to 15OoC during this t ime but the MgO window 

remains essentially a t  room temperature.  The calibration of the detector 

output for  these shor t  pulses can be evaluated by a s e r i e s  of four hypo- 

thetical  measurements ,  as suggested by Ref. 8. F igure  10 shows 

the resu l t s  of the two actual measurements  required by this calibration 

procedure in t e r m s  of the infrared detector output plotted as  a function 

of the temperature  of the black body source.  The highest output of the 

infrared cell ,  

on the.: detector. Here ,  
V1, occurs  when the black body source is  imaged direct ly  

-21-  
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Fig. 9 Calibration setup of infrared heat  t r ans fe r  gage assembly  
using the black body source. Radiation f r o m  the cavity is  
imaged by the gage optical sys tem on the infrared cell. 
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where V is the voltage output due to the black body source  and Vc is 

the signal due to the temperature  of the chopper wheel. Vc is a l so  the 

signal f r o m  the black body when i t  is a t  the same tempera tures  as the 

choppe r blade. 

B 

The lowest output curve in Fig. 10 is generated by the addition 

of the MgO windows to the holes in the chopper wheel. These windows 

degrade the t ransmission by the external t ransmiss ion  lo s s ,  X ,  averaged 

over the spectral  sensitivity of the gold-doped germanium detector.  

These windows a r e ,  of course,  a t  the chopper wheel temperature  which 

i s  essentially room temperature .  This output, V2 is  essentially 

where  the external t ransmission coefficient, X ,  is the resul t  of combin- 

ing the reflectivity a t  the two air-MgO interfaces ,  r ,  and the internal 

absorption of the MgO, a, a s  follows 

2 -0cx 

X =  (1- z ) e  (14) 

. 

A third output can be generated if the MgO window is allowed to 

come to the temperature  of the black body source and thus the output of 

the detector will be V1 degraded only by one single reflection lo s s  a t  

the MgO -air interface. 

g = (1- .t/(l/. -g)= tp-q (15) 

A fourth output can be generated i f  the MgO window is coated by 

an opaque carbon layer ,  and the whole unit is maintained at the temper-  

a ture  of the black body source. The detector output can now be writ ten 

as 

$=/$%) + (1-2 f ,z xy&u (16) 

where E is  the emissivity of the carbon-magnesium oxide interface.  
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Values of r of 0.065 - t . 005  have been measured  for  MgO. 

The first t e r m  in  Eq. (16) represents  the contribution of the 

emission f r o m  the carbon layer  (degraded by t ransmission through the 

c rys ta l  and one reflection at the MgO-air interface)  and the second t e r m  

is the contribution due to the radiation f r o m  the heated MgO windows. 

F o r  heat pulses  of short duration, as are experienced in the 

present  experiments ,  the only contribution which i s  observed is due to 

the opaque layer.  Almost all of the window remains a t  room t emper -  

a tu re  and makes no contribution. Thus,  the shor t  pulse becomes in 

t e r m s  of the measured  quantities, 

s ince the emissivity of the carbon-MgO interface is  very close to one. 

The curve-  marked calibration curve in Fig. 10 is calculated f r o m  the 

above equation. 

The calibration of the system was checked periodically by 

measuring the output of the cell when exposed to the black body source,  

i. e . ,  V1. This value remained constant throughout the experiment  

within t 4 percent. - 
F r o m  this calibration data an empir ical  relationship between 

the calibration signal, 

determined in the temperature  range of 40 

the following equation, 

VG, and the black body temperature  has  been 

to 19OoC. The data fi ts  0 

-5 with the constants K 5 x 10 and n = 2. 1 t 0. 1. - 

This calibration procedure has  been checked against  a dynamic 

calibration technique by Camac ,by a measurement  of the end wall heat 

t ransfer  in argon. 8 y  l9 The correspondence of the semi-s ta t ic  (chopper 

wheel) and dynamic calibration has been assumed in these experiments.  

In addition to the calibration of the inf ra red  cell  output discussed 
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above, the time response of the measuring sys tem was determined. Two 

methods were used. F i r s t ,  a pulse generator  was used t.0 impose an 

electronic pulse through the inf ra red  cell and amplif ier  onto the oscil lo- 

scope. A schematic diagram of this calibration set-up is shown in 

Fig. 11. In this procedure ca re  must  be exercised to be s u r e  that the 

cell is  not loaded down by the pulse generator.  The capacitance of the 

connection of the infrared cell to the amplifier i s  the cr i t ical  parameter  

in determining the r i s e  t ime of the system. By building the amplifier 

cathode follower and amplifier a lmost  a s  a single integrated unit with 

minimum length bare  wire connections, i t  was possible to reduce the 

r i se t ime of the sys tem ( to  90 percent of the full deflection value) to 

slightly l e s s  than one microsecond. 

A second response calibration was performed by the use of 

periodic light pulse generated by a rotating m i r r o r  system. The r i s e -  

t ime of this light pulse itself was approximately one microsecond. The 

resulting combination of the cell ,  amplif ier  and light source gave a 

r i se t ime of about 1. 5 p s e c ,  which i s  equivalent to the geometric com- 

bination of the two one-microsecond r i s e  t imes.  

The response t ime of the system was a l so  tes ted by a heat t ransfer  

tes t  behind a reflected shock in the shock tube. 

model was built for  this purpose which replaced the hemispherical  nose 

heat t ransfer  model shown in  Figs. 7 and 8. 

open tube aligned with the flow which holds the inf ra red  gage and optical 

sys tem in  the same position a s  the other model but a s  pa r t  of a flat end 

wall  geometry. 

the disturbances due to  the existence of these edges a r e  isolated to the 

flow external to the tube. This model essentially s l ices  a piece out of the 

t e s t  gas and allows the reflected shock to propagate back in the tube with- 

out external disturbances until it reaches the knife edge. The tube was 

made long enough so that the whole t e s t  t ime available is usable in this 

experiment. Substituting the heat t ransfer  for this geometry,  Eq. ( 7 ) ,  

into the equation for the interface tempera ture  for this situation, i. e . ,  

Eq. (4), gives the familiar temperature  step function response.  Figure 12 

shows the oscillograph f rom such an experiment. 

A so-called knife edge 

This model  is essentially an 

The front of the tube is provided with knife edges s o  that 

The r i se t ime of this 
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r e c o r d  shows the f a s t  response (1 - 2  p s e c )  required of the gages and the 

approximately level output thereaf ter ,  indicative of the growth of the ther -  

mal boundary layer.  

F o r  stagnation point heat t ransfer  experiments,  the heat t ransfer  

starts out as in the above situation and then levels out a t  a constant value 

a f te r  the viscous boundary layer  has been established. The oscillo- 

g r a m s  shown in  Fig. 13 show this ear ly  heat t ransfer  t ime his tory 

clearly.  As the example shown f rom the numerical  calculation in  

the e a r l i e r  section, the temperature  s t a r t s  to r i s e  when the flow geom- 

e t r y  becomes established a t  t imes of the o rde r  of 8 - 1 0  psec.  F o r  the 

constant heat t ransfer  input with t ime,  Eq. (8 ) ,  the temperature  response 

of the carbon-MgO interface i s  

as can be seen f rom Eq. ( 3 ) .  If Eq. (18) i s  used a s  the calibration 

curve,  then 

o r  the output should be near ly  l inear  with t ime with the slope being 

proportional to the square root of the heat t ransfer  rate. This charac-  

te r i s t ic  is shown clear ly  by the osci l lograms shown in Fig .  13. 

The osci l lograms shown have been reduced to heat t ransfer  t ime 

his tor ies  by use of the calibration curve,  Eq. (18) and the inversion 

formula,  Eq. (10). The heat t ransfer  t ime history is  seen to indicate 

the character is t ic  discussed in the previous sections but set t les  down 

to a constant value well before the end of the tes t  t ime,  determined by 

monitoring the visible wavelength radiation with a photomultiplier. 

A s  the inf ra red  heat t ransfer  gage measu res  the temperature  of 

the carbon layer  on the surface of the MgO window during i t s  exposure 

to the total environment i t  responds to both convective and radiative 

heating. In order  to  differentiate between these two heating mechan- 

isms, the reflective propert ies  of the gage surface must  be known. F o r  
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Fig. 11 Schematic d iagrams of two set-ups used for  measuring the 
time response charac te r i s t ics  of the inf ra red  heat t ransfer  
gage system, one using an electronic pulse and one a light 
pulse generator.  
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metal l ic  f i l m  evaporated the reflectance i s  generally quite high and, 

consequently, radiative heating is rejected quite efficiently since the 

gage is heated by q (convective) t € 9  (radiative).  Figure 14 shows the 

reflectance of f reshly evaporated films of the various mater ia l s  used 

in the present  experiments as compiled in Refs. 20 and 21. 

In the process  of making the infrared gages, the metal l ic  films 

w e r e  deposited on the chemically decomposed carbon layers  which, in 

tu rn ,  were on a slightly roughened MgO crystal .  The optical charac te r -  

i s t ics  achieved by this process  could well be considerably different f r o m  

the l i t e ra ture  values of evaporated films. In addition, i t  was a l so  ques- 

tioned whether the metall ic surfaces deter iorated with t ime when exposed 

to ambient conditions. Generally gages were of the o rde r  of one day 

old when used in the shock tube and the handling specifications during 

this in te r im were questioned. 

The total reflectance of the various coatings was measured  by 
22 a Beckman DK-2 (Extended range) Spectrophotometer, useful over the 

wavelength range of 0. 2 to 2.6 microns.  In o r d e r  to deduce absolute 

values out of the measurements ,  correct ions were  required because the 

inside of the integrating sphere of the instrument  was coated with MgO 

to provide a pure white reflecting s ~ r f a c e ? ~  

measurements  are presented in F i g .  15. It i s  c lear  that the plating 

procedure used degrades the reflectance somewhat but does not change 

the basic pat tern of very high reflectance for metall ic films and low 

reflectance for  the carbon. 

The resul ts  of these 

For  the present  s e r i e s  of experiments the effect of radiative 

heat t r ans fe r  was small. F o r  the stagnation point experiments radiation 

mere ly  manifests itself as a n  added increment  of constant heat t r ans -  

f e r ,  qrad' As such i t  is very difficult to differentiate f rom the con- 

vective heating. Es t imates  of the magnitude of this effect a r e  shown in 

Fig. 16, using Ref. 24 fo r  the intensity of the radiative flux, for  the 

range of conditions of the present experiment. It can be seen that 

with a n  average surface emissivity of approximately . 1 2  - t . 05 it should be 

possible to keep radiative effects down to a maximum level of 2 percent 

This is  probably well within the sca t te r  of the present  experiments  and 
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the  estimate is high because it is known that Ref. 24 overest imates  the 

radiation in this reg ime by about a factor of two or three.  
25 

For  the reflected shock geometry afforded by the knife edge 

model,  the radiative contribution is eas ie r  to isolate f rom the convec- 

t ive effects. Due to  the growth of the thermal  boundary layer ,  the 

convective heat t ransfer  r a t e  falls inversely with the square  root  of 

time. The radiative heating will grow directly with t ime due to  the 

increasing thickness of the radiating gas region as long as the hot gas  

does not become opaque. A l inear growth of the heating ra te  will re- 

sult in  a surface temperature  increasing as the 3/2 power of t ime and 

an  inf ra red  gage output rising approximately with t ime cubed. Such a 
signal is readily distinguishable f r o m  the normal  constant output shown 

in  Fig. 12. 

The knife edge model thus becomes a m o r e  useful tool fo r  total 

radiative heating measurements  f r o m  gases  under these conditions. A 

typical osci l logram f r o m  an experiment in which significant radiation 

was present  is  shown i n  Fig. 17. The gage used h e r e  was overcoated 

with carbon, i . e . ,  it was tr iple coated, carbon-metal-carbon, to maxi- 

mize  the emissivi ty  of the surface. The temperature  response of the 

knife edge model to the radiative heating predicted f rom Ref. 24 is  

shown in Fig. 18. It is seen that the effects a r e  c lear ly  measurable,  

even with rea l i s t ic  values of emissivity and the new data on air radia-  

tion. 
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SECTION V 

HEAT TRANSFER RESULTS 

The heat t ransfer  data from the present  s e r i e s  of experiments a r e  

shown in Fig. 19. 

was room air, and the incident shock wave velocities ranged from Us = 7 

to U = 10. 0 mm/psec ,  simulating1 flight a t  altitudes of approximately 

140,000 ft and a simulated velocity of up to  approximately 50, 000 fps. Only 

data points f rom experiments during which a t  l eas t  8 p s e c  of tes t  t ime were  

measured  by one of the methods stated in Ref. 1 have been used in view of 

the response requirements  discussed in  the previous sections. 

The initial shock tube p r e s s u r e  was 0. 25  m m  Hg, the gas 

Stagnation point convective (aerodynamic) heat t ransfer  data were  

measured  mostly on sphere-cone models with nose radi i  RN = 1. 27 cm and 

RN = 1. 905cm. 

gold reflective films overcoating the carbon gage. 

obtained using Nichrome alloy as the evaporated surface f i l m .  

gage coatings las ted only for one shock tube run and usually deter iorated 

a f t e r  approximately 30 p s e c ,  possibly due to impact of impurit ies and residues 

of the dr iver  gas causing the fi lm to become transparent .  

plainly evident by the almost  instantaneous r i s e  of the signal beyond the range 

of the amplifier and scopes. 

culated f rom the Fay  and Kemp binary diffusion model for ionized diatomic 

gases.  

mean-square  deviation of 0. 13) obtained from measurements  with calor imeter  

gages reported in  Ref. 1. 

appear to follow the theoretical  predictions of equilibrium a i r  somewhat m o r e  

closely and majori ty  of the data points thus l ie  slightly above the resu l t s  of 

the Ref. 1 

Majority of the tes t  runs were  made with aluminum and 

A few data points w e r e  

The infrared 

This was very  

The data have been compared with resu l t s  cal-  

Figure 19 a l so  shows the curve f i t  of the data (which had a root- 

In  general ,  the average values of the present  data 

There  appears  to be no significant difference between the data ob- 

This i s  in  tained with aluminum and gold films covering the carbon gage. 

agreement  with Collins and Spiegel’ but in contrast  t o  the resu l t  of gage 
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mate r i a l  reported by Gruszczynski and Warren. The nickel alloy, Nichrome, 

resu l t s  a l so  fell directly in the group of the data f rom the other mater ia l s .  

In view of the fact that these experiments were  a l l  performed a t  the lowest 

initial p r e s s u r e s  used in any of these experiments,  surface reactions should 

cer ta inly have been present.  The obvious advantage of this experiment over 

the above references is  that a single gage calibration i s  used for  a l l  the s u r -  

f ace  mater ia l s  and, consequently, differences in the measurements ,  i f  p r e s  - 
ent, could be directly attr ibuted to sur face-gas  interactions.  Consequently, 

i t  mus t  be assumed that the gage surface ma te r i a l  does not have an influence 

on the convective heat t ransfer .  

In this experiment the test  gas i s  assumed to be in equilibrium. 

These heat t ransfer  measurements must  be viewed with the same r e s e r v a -  

tions with respect  to the s ta te  of the tes t  gas a s  discussed thoroughly in 

Ref. 1. 

be a good assumption with respect to dissociation of the inviscid flow a t  the 

stagnation point. 

that the boundary layer  may involve some freezing but not to a degree suf- 

ficient to influence the heat transfer ra te .  With respec t  to  ionization, 

es t imates  of and a discussion of the degree of completion of these pro-  

ces ses  were  a l so  made in  Ref. 1. I t  was concluded that insufficient data on 

the ionization mechanism a r e  available to make a very f i rm  statement about 

the s ta te  of ionization, but arguments were  put forth to  support the assump- 

tion of ionization equilibrium. Recent experiments of Wilson26 have tended 

to confirm these estimates.  

the ionization mechanism in a i r  is analogous to the process  suggested by 

Petschek and ByronZ7 for  argon. 

initial ionization i s  provided by the atom-atom react ions,  a s  per  Lin, 28 

and the impact process  takes over a s  soon a s  sufficient electrons a r e  pro-  

duced. The resu l t  i s  that the time to achieve equilibration, in t e rms  of the 

number of ambient mean-free- t imes,  does not change radically up to shock 

velocities a s  high a s  1 2  mm/psec.  This resu l t  confirms the extrapolations 

used in Ref. 1 and adds confidence to the assumption that ionization pro-  

ces ses  a r e  a l so  in equilibrium in these experiments.  

Experimental  measurements of the visible radiation show this to  

Our present  knowledge of recombination ra tes  indicates 

Wilson finds that behind strong shock waves 

Wilson finds that in the a i r  case ,  the 

-41 - 



. 

SECTION VI 

SUMMARY AND CONCLUSIONS 

Heat t ransfer  measurements  made with an  inf ra red  heat t ransfer  

gage have been presented. The value of these measurements  is ,  

new technique has  been developed for  producing such measurements  

which is  significantly different f r o m  the commonly used calor imeter  

res i s tance  thermometer ,  ( 2 )  the measurements  obtained with the new 

technique essentially duplicate and consequently verify the resu l t s  of 

severa l  authors  achieved with ca lor imeter  gages, and ( 3 )  variations of 

the surface mater ia l  of the surface undergoing heat t ransfer  did not 

a l t e r  the resultant heat t ransfer  r a t e s ,  showing conclusively that s u r -  

face effects a r e  not important under the experimental  conditions. 
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